Relationships between some risk factors and breast cancer incidence are known to vary by tumor subtype. However, breast tumors can be classified according to a number of markers, which may be correlated, making it difficult to identify heterogeneity of risk factors with specific tumor markers when using standard competing-risk survival analysis. In this paper, we propose a constrained competing-risk survival model that allows for assessment of heterogeneity of risk factor associations according to specific tumor markers while controlling for other markers. These methods are applied to Nurses' Health Study data from 1980-2006, during which 3,398 incident invasive breast cancers occurred over 1.4 million person-years of follow-up. Results suggested that when estrogen receptor (ER) and progesterone receptor (PR) status are mutually considered, some risk factors thought to be characteristic of "estrogen-positive tumors," such as high body mass index during postmenopause and increased height, are actually significantly associated with PR-positive tumors but not ER-positive tumors, while other risk factors thought to be characteristic of "estrogen-negative tumors," such as late age at first birth, are actually significantly associated with PR-negative rather than ER-negative breast cancer. This approach provides a strategy for evaluating heterogeneity of risk factor associations by tumor marker levels while controlling for additional tumor markers. breast cancer; competing risks; proportional hazards model Abbreviations: BMI, body mass index; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; PR, progesterone receptor.
Risk factors for the development of breast cancer have been integrated into risk models for breast cancer incidence (1) . However, previous studies have shown that risk profiles vary according to breast cancer tumor markers (2) (3) (4) . For example, pregnancy is generally protective against estrogen receptor-positive (ER+) breast cancer, while it is either unrelated to or deleterious for estrogen receptor-negative (ER−) breast cancer (5) .
However, the number of breast tumor markers has increased, and some are intercorrelated. Hence, it becomes more difficult to assess the effects of risk factors according to specific tumor markers without also considering other markers. One approach is to stratify the data according to several tumor markers simultaneously (e.g., luminal A breast cancer, luminal B breast cancer) (3, 6) . However, stratification becomes impractical with many tumor markers because of small numbers of cases in individual strata, and it does not achieve the goal of assessing risk factors associated with specific markers. Thus, in this paper we propose a regression approach for assessing interaction effects of risk factors with specific tumor markers, controlling for levels of other tumor markers.
risk factors for breast cancer, including reproductive factors, hormone use, anthropometric variables, benign breast disease, and family history of breast cancer. The risk factor data have been updated by means of repeat questionnaires sent every 2 years up to the present time (7) . Alcohol consumption, both current and at age 18 years, was ascertained in 1980, with information updated in 1984 and then every 4 years from 1986 to 2006.
Identification of breast cancer cases
On each questionnaire, women were asked whether breast cancer had been diagnosed and, if so, the date of diagnosis. All women (or their next of kin, if deceased) were contacted for permission to review their medical records so as to confirm the diagnosis. Pathology reports were also reviewed to obtain information on estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) status and tumor size. Cases of invasive breast cancer from 1980 to 2006 for which we had a pathology report were included in these analyses. A total of 964 breast cancer cases with missing data on ER and/or PR status were censored at the time of diagnosis. In addition, we excluded women with types of menopause other than natural menopause or bilateral oophorectomy, prevalent cancer (other than nonmelanoma skin cancer) in 1980, or missing data for weight at age 18 years, age at first birth, parity, age at menarche, age at menopause, or hormone use. Thus, overall, 77,232 women were followed over 1,470,730 person-years from 1980 to 2006, during which 3,398 incident cases of invasive breast cancer occurred. Information on ER and PR status was obtained from pathology reports and medical records. For tumors diagnosed before 2000 with available tumor blocks, HER2 status was determined through immunohistochemical staining performed on paraffin sections of tumor tissue microarrays according to a standard protocol, because HER2 was not routinely assessed in clinical practice during these years. Detailed descriptions of tumor tissue microarray construction and ER, PR, and HER2 immunohistochemical staining have been published previously (3) . After 2000, information on HER2 status was obtained from pathology and medical reports, where HER2 was generally determined by immunohistochemical staining with a subgroup also having fluorescence in situ hybridization (FISH). A total of 2,125 ER+/PR-positive (PR+) tumors, 627 ER−/PRnegative (PR−) tumors, 540 ER+/PR− tumors, and 106 ER−/PR+ tumors were identified among women with complete information on breast cancer risk factors. Women with ER−/PR+ breast cancer were considered to be missing data on ER/PR status, because in a subset of 71 women initially classified as ER−/PR+ with ER/PR status also determined by tumor tissue microarray, only 4 (6%) were confirmed as ER−/PR+. Thus, the analyses presented in this paper were based on 3,292 ER+/PR+, ER−/PR−, or ER+/PR− cases identified from 1980 to 2006. The proportion of ER-/PR+ tumors in this data set (3%) is comparable to that reported in previous studies (e.g., 4% in the study by Yang et al. (4) ).
Statistical methods
The log-incidence model of breast cancer. We assume that the incidence of breast cancer at time t (I t ) is proportional to the number of cell divisions (C t ) accumulated throughout life up to age t (i.e., I t = kC t ). C t is obtained from
Thus, λ i = C i+1 /C i = the rate of increase in C t from age i to age i + 1. Log(λ i ) is assumed to be a linear function of risk factors that are relevant at age i. The set of relevant risk factors and their magnitude and/or direction may vary according to the stage of reproductive life. Since the complete set of relevant risk factors at time t is unknown, we generalize equation 1 by substituting h 0 (t) for k, which allows for the existence of other risk factors which accumulate over time. The overall Cox regression model is given by 
where t = age, x ¼ ðt Ã À t 0 ; b; : : :; fhxÞ; t 0 = age at menarche, t 1 = age at first birth, t m = age at menopause, t* = min(age, age at menopause), and m t = 1 if postmenopausal at age t, 0 otherwise.
where b it = 1 if parity ≥ i at age t, 0 otherwise; t i = age at ith birth, i = 1, . . ., s t ; s t = parity at age t; m At = 1 if natural menopause at age t, 0 otherwise; m Bt = 1 if bilateral oophorectomy at age t, 0 otherwise; pmh At = duration of oral estrogen use (years) at age t; pmh Bt = duration of oral estrogen and progesterone use (in years) at age t; pmh Ct = duration of use of other types of postmenopausal hormones at age t; pmh cur,t = 1 if a current postmenopausal hormone user at age t, 0 otherwise; and pmh past,t = 1 if a past postmenopausal hormone user at age t, 0 otherwise. alc j ð1 À pmh cur; j Þm j effect of alcohol consumption during postmenopause while not on postmenopausal hormones. bbd = benign breast disease. fhx = family history of breast cancer in a mother or sister.
Further details concerning the log-incidence model have been provided previously (1, 5) .
Competing risks. Some risk factor associations vary according to the type of breast cancer. A natural extension of equation 2 described by Lunn and McNeil (8) stratifies by event type, allows for estimates of the separate associations of each risk factor with each event type, and can be implemented with standard software (e.g., PROC PHREG in SAS (SAS Institute, Inc., Cary, North Carolina)) using data augmentation. If there are L event types, then one creates L records for each subject in each time period (defined by questionnaire cycle), and a subject is censored after a first diagnosis of breast cancer. The hazard for a woman with tumor type l relative to no breast cancer is given by 
where x k = kth risk factor and w j = score for the jth tumor marker. In equation 4, exp(β k ) = hazard ratio for a 1-unit increase in the kth risk factor for tumor type w = 0; h 0w (t) = baseline hazard for breast cancer with tumor type = w; and expðβ k þ P J j¼1 γ jk w j ) ¼ hazard ratio for a 1-unit increase in the kth risk factor for tumor type = w.
Thus, γ jk is the ratio of hazard ratios for the kth risk factor when the jth tumor marker increases by 1 unit (e.g., from ER− to ER+), holding the levels of other risk factors and tumor markers constant. To assess whether the hazard ratio associated with the kth risk factor is modified by the score for the jth tumor marker, we perform the hypothesis test H 0 :
We can also consider interactions between the j 1 th and j 2 th tumor markers by enhancing equation 4 as follows:
hðtjx; wÞ
The coefficient γ Ã j 1 j 2 k represents effect modification of the hazard associated with the kth risk factor by a combination of the j 1 th and j 2 th tumor markers.
To implement the approach shown in equation 4, we cross-classify the tumor markers according to the levels of the J tumor markers. For binary tumor markers, w j denotes the presence (1) or absence (0) of the jth tumor marker. For continuous tumor markers-for example, the percentage of cells staining positive (0%-100%)-we create categories (e.g., 0%-20%, 21%-40%, . . . , 81%-100%) and define w j as the median score within a category. If C equals the number of unique categories of tumor markers in the data set, then we can fit equation 4 or 5 by including C records for each subject. A subject with no breast cancer would be censored for each of the C event types. A subject with breast cancer of tumor type w would be coded as a failure for that event type and censored for all other event types. An example of the coding employed in the case of 2 binary tumor markers (ER/PR) and 2 covariates (age and parity) using SAS PROC PHREG is given in Web Appendix 1 (available at http://aje.oxfordjournals.org/).
Missing tumor markers. We also have available information on other tumor markers, but this information is not as complete as that on ER/PR status. For example, HER2 status is often used to identify tumor subtypes (e.g., triple-negative breast cancer = ER−/PR−/HER2−). It is important to assess the marginal effects of HER2 status, as well as 2-way interactions of HER2 status with each of ER and PR. However, HER2 information is currently available for only 1,395 (42%) of the 3,292 cases in the Nurses' Health Study. We could perform a "complete case analysis" based on the 1,395 tumors using equations 4 and 5; however, we will lose power. Instead, we will use the missing indicator method (10) to assess tumor markers with missing values.
Adjusted hazard ratios. The parameter γ jk in equation 4 is a measure of heterogeneity of the effect of the kth risk factor by the jth tumor marker. We can also use equation 4 to estimate the adjusted hazard ratio (HR) for a 1-unit increase in the kth risk factor (x k ) at level w j of the jth tumor marker, defined by
If all tumor markers are binary and there are no missing data, equation 6 can be written as
If there are missing values for a particular tumor marker, then an extra binary variable is added to equation 6 or 7 to indicate missingness for that tumor marker. The adjusted hazard ratio in equation 6 can be compared with the unadjusted hazard ratio obtained by considering each tumor marker separately, by specifying hðtjx; w j Þ ¼ h 0w j ðtÞ exp
If tumor markers are correlated, differences between adjusted and unadjusted hazard ratios may be large.
Estimation of hazard ratios for time-varying exposure variables. In the model presented in equations 1 and 2, specific exposures may change in magnitude over time. Furthermore, breast cancer may be associated with the cumulative effects of a risk factor, and the direction of association may change over time. Hence, to estimate hazard ratios associated with a risk factor, we compare individual risk profiles over time, rather than risk levels at a specific point in time. For example, high BMI is generally protective before menopause and deleterious after menopause. In this paper, to represent parameter estimates in terms of hazard ratios, we consider women with age at menarche of 13 years and age at natural menopause of 50 years. To depict the relationship of BMI to breast cancer, we consider 2 hypothetical women, A and B, in the risk set for breast cancer at time t with average BMIs of 22 and 30, respectively, from age at menarche up to age t. The relationship between BMI before menopause and breast cancer incidence is estimated by means of the hazard ratio for BMI at age 50 years, where risk is accumulated from age 13 to age 50 (a period of 37 years). Thus,
Similarly, the relationship between BMI after menopause and breast cancer incidence is estimated by means of the hazard ratio for BMI at age 70 years (assuming no use of hormone therapy from age 50 to age 70), which represents an inverse association between BMI before menopause (ages 13-50 years) and breast cancer incidence and a positive association between BMI after menopause (ages 50-70 years; i.e., a period of 20 years) and breast cancer incidence, whereby
A similar approach is used for height (comparing women who differ in height by 6 inches (15 cm) 
RESULTS
We first fit separate Cox proportional hazards models for each ER/PR case type (e.g., ER+/PR+), where women who experience another type of breast cancer are censored at diagnosis (see Table 1 and Web Table 1 ). We see that increases in incidence with age, characterized by the duration-of-premenopause and duration-of-menopause terms, are higher for ER+/PR+ breast cancer than for ER−/PR− breast cancer. Regarding pregnancy history, the protective effect of pregnancy, characterized by the birth index, is significant for ER+/PR+ breast cancer (HR = 0.69, P < 0.001) but not for ER−/PR− breast cancer (HR = 1.02, P = 0.88). Conversely, the time between age at menarche and age at first birth (denoted "gynecological age at first birth") is borderline-significant for ER−/PR− breast cancer (HR = 1.48, P = 0.051) but not for ER+/PR+ breast cancer (HR = 0.93, P = 0.48). Hence, pregnancy is inversely associated with ER+/PR+ breast cancer but positively associated with ER−/PR− breast cancer. For use of hormone therapy, current long-term estrogen use is positively associated with incidence of ER+/PR+ breast cancer (HR = 1.68, P < 0.001) but not ER−/PR− breast cancer (HR = 1.17, P = 0.29); current long-term use of estrogen and progesterone is positively associated with both ER+/PR+ (HR = 2.50, P < 0.001) and ER−/PR− (HR = 1.48, P = 0.021) breast cancer, but the association is stronger for the former. The marginal and joint distributions of tumor markers are given in Tables 2 and 3 , respectively. A total of 2,665 (81%) of the tumors were ER+ and 2,125 (65%) were PR+, and 224 of the 1,395 (16%) tumors for which HER2 status was known were HER2+.
Identifying effects of covariate interactions with specific tumor characteristics
We now consider each tumor marker separately and estimate the unadjusted hazard ratio in equation 9 (see Table 4 ). For ER, there was significant heterogeneity for duration of premenopause (P < 0.001), the birth index (P = 0.007), current use of estrogen and of estrogen and progesterone (P = 0.033 and P = 0.018, respectively), and BMI after menopause (P = 0.002). For PR, there was significant heterogeneity for duration of premenopause (P = 0.035), gynecological a Increment: for duration of premenopause and duration of menopause, 1 year; for gynecological age at first birth (age at first birth minus age at menarche), 22 years (age 35 -age 13) versus nulliparous; for birth index, 102 (4 births at ages 20, 23, 26, and 29 years) versus nulliparous; for benign breast disease and family history, present versus absent; for hormone therapy, 10 years of use versus no use; for BMI, 8 units (BMI of 30 vs. BMI of 22); for height, a difference of 6 inches (15 cm) (5′10″ (178 cm) vs. 5′4″ (163 cm)); and for alcohol consumption, 11 g (1 drink per day vs. none, starting at age 18 years). All comparisons assumed that age at menarche was 13 years and age at natural menopause was 50 years; the hazard ratios for BMI, height, and alcohol consumption assumed no use of hormone therapy. Increments used for BMI and height represent the range of values from the 10th percentile to the 90th percentile for these variables.
b P value for heterogeneity comparing positive status with negative status. c Age at first birth minus age at menarche. d Weight (kg)/height (m) 2 .
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a Increment: for duration of premenopause and duration of menopause, 1 year; for gynecological age at first birth (age at first birth minus age at menarche), 22 years (age 35 -age 13) versus nulliparous; for birth index, 102 (4 births at ages 20, 23, 26, and 29 years) versus nulliparous; for benign breast disease and family history, present versus absent; for hormone therapy, 10 years of use versus no use; for BMI, 8 units (BMI of 30 vs. BMI of 22); for height, a difference of 6 inches (15 cm) (5′10″ (178 cm) vs. 5′4″ (163 cm)); and for alcohol consumption, 11 g (1 drink per day vs. none, starting at age 18 years). All comparisons assumed that age at menarche was 13 years and age at natural menopause was 50 years; the hazard ratios for BMI, height, and alcohol consumption assumed no use of hormone therapy. Increments used for BMI and height represent the range of values from the 10th percentile to the 90th percentile for these variables.
b P value for heterogeneity comparing positive status with negative status. c Age at first birth minus age at menarche.
age at first birth (P = 0.004), current use of estrogen and progesterone (P < 0.001), use of other types of hormone therapy (P = 0.036), BMI after menopause (P < 0.001), and premenopausal height (P = 0.015). For HER2 status, there was significant heterogeneity only for time since natural menopause (P = 0.048).
We then consider the tumor markers simultaneously, using the model shown in equation 4, based on the adjusted hazard ratios in equation 7 (see Table 5 ). Unlike the unadjusted analyses in Table 4 , the only significant heterogeneity observed for ER after controlling for PR and HER2 was for duration of premenopause (P = 0.006), with incidence increasing more rapidly with duration for ER+ breast cancer versus ER− breast cancer. There was also a borderline trend for the birth index, which was inversely associated with ER+ breast cancer (HR = 0.71, P < 0.001) but not ER− breast cancer (HR = 0.99, P = 0.95; P for heterogeneity (P het ) = 0.07). The apparent heterogeneity by ER status for current use of estrogen and use of estrogen and progesterone was no longer significant after adjustment for PR status (P = 0.19 and P = 0.64, respectively).
For PR status, there was significant heterogeneity for increased gynecological age at first birth, which was positively associated with PR− breast cancer (HR = 1.58, P = 0.006) but not PR+ breast cancer (HR = 0.93, P = 0.50; P het = 0.017). In addition, current long-term use of estrogen and progesterone was positively associated with both PR+ (HR = 2.42, P < 0.001) and PR− (HR =1.59, P = 0.001) breast cancer, but the relationship was stronger for PR+ tumors (P het = 0.026). The most notable interaction was for increased BMI after menopause, which was positively associated with PR+ breast cancer (HR = 1.52, P < 0.001) but inversely associated with PR− breast cancer (HR = 0.77, P = 0.034; P het < 0.001).
The results for postmenopausal BMI are notably different in Table 4 than in Table 5 . In Table 4 , there was significant heterogeneity for ER, with a positive association found for ER+ breast cancer but not ER− breast cancer, whereas in Table 5 , after controlling for PR status, no significant heterogeneity remained. However, effects for PR remained unchanged.
Finally, the only significant interaction for HER2 status was for time since natural menopause; the association was stronger for HER2+ breast cancer (per year, HR = 1.05) than for HER2− breast cancer (per year, HR = 1.02; P het = 0.030).
We also repeated the analyses in Table 5 after restricting the cases to women for whom ER, PR, and HER2 status were all assessed by tumor tissue microarray (n = 1,331 cases). The results were generally consistent with those in Table 5 (see Web Table 2) .
We also conducted an analysis similar to that in Table 5 , adjusting simultaneously for ER, PR, and HER2 status and tumor size (see Web Table 3) . Results for ER, PR, and HER2 were similar to those in Table 5 . However, there was significant heterogeneity by tumor size for time since natural menopause (large: HR = 1.02, small: HR = 1.04; P het < 0.001), current estrogen use (large: HR = 1.17, small: HR = 1.77; P het = 0.005), current estrogen and progesterone use (large: HR = 1.41, small: HR = 2.50; P het < 0.001), past estrogen and progesterone use (large: HR = 0.96, small: HR = 1.55; P het = 0.012), postmenopausal BMI (large: HR = 1.33, small: HR = 0.94; P het = 0.005), and family history of breast cancer (large: HR = 1.22, small: HR = 1.67; P het = 0.004).
DISCUSSION
Another paper on this subject has been published by Chatterjee et al. (11) . They proposed a 2-stage competingrisk proportional hazards model. If δ w;k is the regression coefficient for disease type w and covariate X k from an ordinary competing-risk survival model, then
The parameters Θ 0k and Θ w j,k correspond to β k and γ jk in equation 4. This model is fitted by means of a custom Newton-Raphson program (11) . Missing tumor markers are accounted for using an estimating equations approach. A key assumption is that the baseline hazard can be represented in the form
which implies independence of the effects of the individual tumor markers on the baseline hazard. However, this assumption is very unlikely to hold for breast tumor markers for which there is strong positive correlation between ER and PR, strong inverse correlation between HER2 and each of ER and PR (see Table 3 ), and possible correlation between ER, PR, and HER2 versus other tumor characteristics (e.g., grade, stage, size).
In this paper, we show how to fit the model in equations 4 and 5 using SAS competing-risk software. We introduce the concept of an adjusted hazard ratio to express association of risk factors with specific tumor markers adjusted for levels of other tumor markers. Missing tumor markers are accounted for using the missing indicator method. We assume that, conditional on ER and PR status, the probability of HER2+ status is independent of covariate values and is the same for all t, an assumption which had reasonable support in our data (data not shown).
The current article is an update of our previous paper (5) and represents an approximately 50% increase in the number of breast cancer cases within each ER/PR subtype. This generalizes the log-incidence model used in our previous papers (1, 5) . The advantage is that the baseline hazard is unspecified, while with the log-incidence model, the baseline hazard is modeled parametrically. In addition, more standard software (e.g., SAS PROC PHREG) can be used.
Regarding pregnancy, there is heterogeneity by tumor subtype. The adverse effect of pregnancy characterized by gynecological age at first birth is apparent only for PR− tumors, while the beneficial effect of pregnancy characterized by the birth index is apparent only for ER+ tumors. Hence, pregnancy is inversely associated with ER+/PR+ breast cancer and positively associated with ER−/PR− tumors, while both a positive association of late age at first birth and an inverse association of having many births starting at an early age are apparent for ER+/PR− tumors. Other risk factors thought to be characteristic of "estrogenpositive tumors," such as high BMI during postmenopause, are actually associated with ER+/PR+ tumors but not ER+/ PR− tumors, consistent with our previous analysis using data collected through 2000 (5) . Furthermore, although measuring tumor ER protein expression can be useful in evaluating estrogen responsiveness (as has been shown in multiple clinical and epidemiologic studies), it does not directly indicate the degree of downstream estrogen signaling. Because ER is generally needed for PR expression (12, 13) , PR expression has occasionally been used as a crude marker for ER pathway activation. A new finding in the present study is significant heterogeneity regarding long-term use of estrogen and progesterone for PR+ tumors versus PR− tumors.
Yang et al. (4) have considered heterogeneity of breast cancer risk factors according to the ER, PR, and HER2 status of the tumor. Late age at first birth was more common among ER+ cases than among ER− cases and was also more common among ER+/PR− cases than among ER+/PR+ cases. In addition, low parity was more common among ER+/PR− cases than among ER+/PR+ cases, although the difference was not statistically significant. In our study, late gynecological age at first birth was a risk factor for PR− tumors but not PR+ tumors after adjustment for ER status. Conversely, the birth index, which incorporates information on both number of pregnancies and age at each birth, was protective for ER+ breast cancer but not ER− breast cancer. In general, it is important to mutually adjust for both age at first birth and parity (or age at first birth and the birth index) simultaneously; this was done in our study but not in the study by ). This is consistent with our analysis, where high postmenopausal BMI was a risk factor for PR+ breast cancer (HR = 1.52) but not for PR− breast cancer (HR = 0.77).
In summary, the methods outlined in this paper provide an efficient approach for considering heterogeneity of risk factor associations by categories of specific tumor markers, while controlling for levels of other possibly correlated markers. Such an approach may yield additional insights into tumor etiology beyond those pertaining to marginal (e.g., ER+ vs. ER−) or joint (e.g., ER+/PR+, ER−/PR−) effects of tumor markers.
